absorption, and transport (42) as well as lipid metabolism (29, 42) . Differential molecular mechanisms along both the vertical and horizontal axes of the intestine account for the tight control of these intestinal epithelial cell functions. However, the precise coordinated action of the transcriptional regulators responsible for maintaining intestine-specific gene networks still remains to be determined.
Hepatocyte nuclear factor 4␣ (HNF4␣) is a member of the nuclear receptor family of transcription factors and is expressed primarily in the liver, gut, kidney, and pancreas (13, 52) . HNF4␣ can activate gene transcription in the absence of exogenous ligands (44, 45) although fatty acyl-CoA thioesters exhibit a potential to influence its transcriptional activity (21) . Hnf4␣ deletion is embryonically lethal with defects in visceral endoderm formation (10) . Conditional knockout of Hnf4␣ in the early liver results in the disorganization of morphological and functional differentiation in the hepatic epithelium (36) . The disruption of HNF4␣ later in the adult liver results in impaired lipid metabolism and gluconeogenesis (20) . HNF4␣ is considered to be a crucial regulator of transcription for several hepatocyte and pancreatic genes (17, 18) . Maturityonset diabetes of the young and late-onset type 2 diabetes metabolic disorders are genetically linked to HNF4␣ function (19) . HNF4␣ function in the intestinal epithelium is poorly documented.
Hnf4␣ is detected in the differentiated mouse intestinal epithelium (40) and regulates the expression of genes that are upregulated during epithelial cell differentiation such as apolipoprotein IV (ApoA-IV) (3) and intestinal alkaline phosphatase (35) . HNF4␣ has been shown in vitro to interfere with transcriptional regulation of lipid metabolism-related genes such as apolipoprotein A1/CIII (23, 38) , apolipoprotein B, (2) , liver fatty acid-binding protein 1 (FABP1) (38) , intestinal FABP protein (24) , and guanylyl cyclase C (50) . Bioinformatic analyses have suggested that Hnf4␣ can act as a central regulator of gene expression during enterocyte differentiation (48) . This suggestion has been recently confirmed in vitro with the demonstration that Hnf4␣ was able to promote differentiation of intestinal epithelial cells in culture (30) . Hnf4␣ was shown to be essential for the normal early development of the colonic epithelium in embryonic conditional mutant mice (15) . Although this study identified direct colonic molecular targets of Hnf4␣ at embryonic day 18.5, the strategy utilized to conditionally delete Hnf4␣ did not affect its expression in the small intestinal mucosa and resulted in postnatal mouse death probably because of liver and pancreatic insufficiencies (15, 36) . Deletion of Hnf4␣ along the entire intestinal tract was recently achieved with the findings that this loss exacerbates experimental colitis (1) . However, the exact role of Hnf4␣ in regulating small intestinal epithelium integrity has not been yet carefully analyzed, and the current hypothesis is that Hnf4␣ could play a role in maintaining integrity of adult small intestinal epithelial cell functions.
To gain further insights for Hnf4␣ requirement in exhibiting intestinal epithelial specific functions, two complementary experimental approaches were designed. First, forced expression of Hnf4␣ was achieved in a nonintestinal epithelial cell context. This resulted in the activation of genes normally detectable in the intestinal epithelium as well as partial morphological changes normally restricted to epithelial cells. Second, Hnf4␣ was specifically deleted in the small intestine following a Cre-loxP conditional knockout strategy with the use of a Villin-Cre transgene (31) . This resulted in efficient deletion of Hnf4␣ in postnatal intestinal epithelium with minor consequences on intestinal homeostasis during postnatal life. These results suggest that Hnf4␣ is potent to instruct cells to express intestinal epithelial features but may be dispensable or compensated in the postembryonic stages for the maintenance of the small intestinal epithelium integrity.
MATERIALS AND METHODS
Plasmid construction and generation of stable cell lines. The pBabepuro-HNF4␣ retroviral construct was described previously (30) . The MT-Cdx2 construct that consisted of the murine Cdx2 cDNA subcloned in the pMT-CB6 ϩ /neomycin which contains the promoter of the sheep metallothionin I gene was described elsewhere (49) . The MT-GATA-4 construct was generated in two steps. First, the murine GATA-4 cDNA was subcloned in the EcoRI site of the pcDNA3.1/Zeo plasmid (Invitrogen). The CMV promoter was then released by NruI and NheI and replaced by a 943-bp EcoRI blunted fragment of the MT-1 sheep promoter. Stable NIH-3T3 MT-Cdx2 clones were generated with the transfection of MT-Cdx2 using lipofectamine 2000 (Invitrogen). NIH-3T3 cells that had integrated the MT-Cdx2 construct or the MT control vector were selected with G418, and individual resistant clones were further characterized for inducible Cdx2 expression with the addition of 100 M of ZnSO 4 (Fisher Scientific). Some of the most tightly regulated clones were further transfected with the MT-GATA-4 construct and selected with Zeocin. pBabepuro-HNF4␣ or pBabepuro (control) and 30 g of retroviral packaging DNA (pAMPHO) were cotransfected into 293T cells using Lipofectamine 2000 (Invitrogen) in Opti-MEM medium for 4 h. The medium was then changed to DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, 10 mM HEPES buffer, and 2 mM L-glutamine in 5% CO2. The medium containing the retrovirus was collected after 48 h and kept frozen at Ϫ80°C. Human pancreatic carcinoma MIA PaCa-2 and mouse embryonic fibroblast NIH-3T3 cell lines were obtained from the American Type Culture Collection (catalog no. CRL-1658 and CRL-1420, respectively) and maintained as described above. The human adenocarcinoma Caco-2/15 cell line (5) was obtained from Dr. JeanFrançois Beaulieu (Université de Sherbrooke, Quebec, Canada). MIA PaCa-2, NIH-3T3 and NIH-3T3 MT-Cdx2, and MT-GATA-4 cell lines were incubated in 35-mm petri dishes at 50% confluence with 700 l of HNF4␣ or control retrovirus for 48 h. Cells were then redistributed to 100-mm dishes for puromycin selection (5 g/ml) for 1 wk. Selected cells were kept at confluence for 8 -10 days before RNA and protein isolation and electron microscopy procedures. For coculture experiments, selected cells were plated on human primary mesenchymal cells exactly as described previously (30 (20) . Mice were treated in accordance with a protocol reviewed and approved by the Institutional Animal Research Review Committee of the Université de Sherbrooke in conformity with the Canadian Council on Animal Care. Mice were anesthetized with ketamine/xylazine (300 mg/kg; 40 mg/kg) before death. For proliferation assays, mice were injected intraperitoneally with 10 ml/kg of bromodeoxyuridine (BrdU) labeling reagent (Zymed Laboratories) 1 h before death.
Western blot analysis. Total protein extracts were harvested from cultured cells as described previously (9) . Mice were killed, and the intestine was separated in sections of proximal jejunum, distal jejunum, ileum, and colon. The intestine was opened longitudinally and rinsed in cold PBS. The tissues were then homogenized in a buffer containing protease inhibitors and centrifuged, and the protein collected was quantified by spectrophotometry using the Bio-Rad Protein assay (Bio-Rad Laboratories, Hercules, CA). Total protein (40 g) was analyzed by 4 -12% Bis-Tris NuPAGE (Invitrogen) electrophoresis and transferred to a polyvinylidene difluoride membrane (Roche Applied Sciences). The membrane was blocked overnight in 5% nonfat dry milk in PBS-Tween 0.1%. The following antibodies from Santa Cruz Biotechnology (Santa Cruz, CA) were used: affinitypurified polyclonal goat anti-HNF4␣ antibody (sc-6556), anti-GATA-4 antibody (sc-1237), and anti-actin antibody (sc-1615). A rabbit polyclonal antibody raised against CDX2/3 was kindly provided by Dr. Nathalie Rivard (CDX2/3-NR). Secondary anti-goat or anti-rabbit antibodies coupled to horseradish peroxidase were used with the ECL-Plus Western blotting kit (GE Healthcare Bio-Sciences) to reveal the signals.
RNA isolation and RT-PCR. Total RNA from tissue or cultured cell samples was isolated using the Totally RNA kit (Ambion). Total RNA (1 g) was used for RT-mediated synthesis of cDNA using 20 units of RT AMV (Roche Applied Sciences) in a 20-l reaction. Typical semiquantitative PCR was performed using 1 l of RT reaction, 0.6 units of Taq DNA polymerase (New England Biolabs), 0.2 mM dNTPs, and 30 ng of each specific primer. Primers used for cDNA amplification of either human or mouse HNF4␣, ApoA-IV, villin, ␤ 2-microglobulin, Trefoil factor 3 (TFF3), Fabp2, ApoA-I, Muc2, and hypoxanthine-guanine phosphoribosyl transferase (HPRT) transcripts are available upon request. Quantitative RT-PCR (qRT-PCR) was performed using a LightCycler apparatus V2.0 (Roche Diagnostics). Experiments were run and analyzed with the LightCycler software 4.0 according to the manufacturer's recommendations (Roche Diagnostics). Synthesis of double-stranded DNA during PCR was monitored using SYBR Green I according to the manufacturer's recommendations (QuantiTect SYBR Green PCR Kit; Qiagen). Target expression was quantified relative to HPRT expression. For this purpose, a standard calibration curve was prepared for each gene using serial dilutions of the calibrator sample, and crossing point values were plotted vs. the log of the relative concentration of each dilution. This standard curve was used to correct for differences in efficiencies of the PCR reactions.
Immunofluorescence and immunohistochemistry. Tissues were fixed in 4% paraformaldehyde and embedded in paraffin as previously described (8) . Slide sections (5 M) were rehydrated in a graded ethanol series (100, 95, 80, and 70% xylene) and boiled for 6 min in 5 mM citric acid for antigen retrieval. After blocking with 2% BSA in PBS/Triton 0.2% during 30 min, sections were incubated 2 h at room temperature with affinity-purified antibodies [goat anti-HNF4␣ (sc-6556; Santa Cruz); 1:150, mouse anti-BrdU (Roche Applied Science); 1:200, rabbit chromogranin A (20085; Immunostar); 1:1,000, rabbit Lysozyme (A0099; Dako); prediluted and rabbit Ki67 (RM9106-R7; Thermo Scientific)], prediluted, and further diluted 1:2. Primary antibodies were visualized with a fluorescein-coupled secondary antibody (Vector Laboratories) incubated at 37°C for 45 min (anti-HNF4␣ and anti-BrdU) or with the DakoCytomation EnVisionϩSystem-horse-radish peroxidase (diaminobenzine) incubated at RT for 30 min. The samples were mounted with Vectashield Hard Set mounting medium with DAPI (Vector Laboratories) and observed with a Leica DM LB2 (Leica Microsystem Canada) fluorescence microscope.
Electron microscopy. Cell cultures were prepared exactly as reported before (7) . Thin sections were prepared using an ultramicrotome, contrasted with lead citrate and uranyl acetate, and observed on a Jeol 100 CX transmission electron microscope. All reagents were purchased from Electron Microscopy Sciences (Cedarlane, Hornby, Ontario).
Quantification and statistical analysis. All counts were performed in a blind manner on an average of 10 independent fields (ϫ200 magnification) per animal. Villus, crypt, and submucosa morphometry was determined using the MetaMorph software (Universal Imaging). Data were expressed as means Ϯ SE. Statistical analysis was performed using the two-sample Student's t-test. Differences were considered significant with a P value of Ͻ0.05.
RESULTS

Forced expression of HNF4␣ induces intestinal epithelial gene expression and morphogenesis in nonintestinal cultured
cells. HNF4␣ has been suggested to act as an important regulator of intestinal epithelial gene transcription and to induce intestinal epithelial cell differentiation in culture (3, 30, 40, 48) . Moreover, Hnf4␣ is able to partially instruct cultured fibroblasts to express adhesion molecules normally restricted to epithelial cells (36) . To measure whether this transcription factor is capable of initiating intestinal epithelial gene expression, an in vitro strategy was designed to ectopically express Hnf4␣ in a nonintestinal epithelial context. NIH-3T3 (mouse embryonic fibroblasts) and MIA PaCa-2 (human pancreatic adenocarcinoma) cell populations were generated with the stable introduction of retroviral Hnf4␣ or empty constructs. A Western blot confirmed that expression of Hnf4␣ protein was sustained in populations of cells that had stably integrated the Hnf4␣ construct (Fig. 1A) . RT-PCR analyses were then performed to monitor the expression of some intestinal epithelial genes in the population of cells expressing or not expressing Hnf4␣. Both ApoA-IV and villin genes were induced in the cell lines positive for Hnf4␣ expression (Fig. 1B) . The expression of intestinal epithelial-restricted gene transcripts, including sucrase-isomaltase (SI), lactase-phlorizin hydrolase, or intestinal Fabp2, was not detected under these conditions (data not shown). Because intestinal epithelial genes are regulated with the combinatory action of several transcription factors, including Cdx2 and GATA-4 (9, 14, 53), fibroblastic cell lines were next engineered with the conditional expression of both Cdx2 and GATA-4 under the control of the zinc-inducible metallothionein promoter (see MATERIALS AND METHODS). The induction of Cdx2 and GATA-4 protein level was observed in two independent fibroblastic cell lines but not in a control fibroblastic cell line that had integrated both MT-neomycin and MT-zeocin empty vectors (Fig. 1C) . Stable introduction of Hnf4␣ in these cell lines did not endogenously induce the expression of Cdx2 and GATA-4 nor influenced the zinc responsiveness of the genome-integrated constructs (Fig. 1C) but reproducibly affected cellular proliferation to result in a complete growth arrest following few passages in culture (data not shown). RT-PCR was next performed to monitor the expression of several gene transcripts normally detectable in intestinal epithelial cells. Fibroblastic cell lines that did not express Hnf4␣ or induced levels of Cdx2 and GATA-4 were negative for all the gene transcripts tested except for Hprt, which was used as a control for RNA integrity (Fig. 1D, lane  3) . The induction of Cdx2 and GATA-4 in this context did not change the pattern of gene transcript expression that was observed without induction (Fig. 1D, lane 4) . Tff3, ApoA-IV, and villin gene transcripts became detectable when Hnf4␣ alone was expressed in these cell lines (Fig. 1D, lane 5) . The combination of HNF4␣, Cdx2, and GATA-4 expression in the fibroblastic cell lines resulted in a specific and reproducible induction of the Fabp2 gene transcript that is normally solely expressed in the intestinal epithelium (Fig. 1D, lane 6) . Other intestinal epithelial specific gene transcripts such as mucin 2 (Muc2) or SI were not detectable under these conditions. These observations suggested that Hnf4␣ was able to initiate an intestinal epithelial gene network in a nonintestinal cellular context.
The morphological aspect of these cell lines was next assessed by electron microscopy. The sustained expression of Cdx2, GATA-4, and Hnf4␣ in fibroblastic cell lines resulted in minor consequences on the overall cellular morphology (data not shown). Because intestinal epithelial cells can be induced to polarize and differentiate under specific coculture conditions (30) , these fibroblastic cell lines were then directly deposited on freshly isolated mesenchymal cells. Cell lines that were not induced to express Cdx2, GATA-4, or Hnf4␣ presented a typical fibroblastic cell shape under these conditions (Fig. 2, A  and B) . Introduction of Hnf4␣ alone led to changes in cell shape, apical microvillus formation, and appearance of dense ultrastructures (Fig. 2C) . The induction of Cdx2 and GATA-4 led to similar changes under these culture conditions (Fig. 2D) . When Cdx2, GATA-4, and Hnf4␣ were simultaneously expressed, some fibroblastic cells appeared more polarized with rounded-shaped nucleus (Fig. 2, E and F) and the formation of junctional complexes (Fig. 2G) . This phenomenon was heterogeneous and not observed for each individual cell of the populations. Overall, these observations suggested that Hnf4␣ was potent to participate in the initiation of an intestinal epithelial phenotype.
Generation of an efficient conditional mouse model for Hnf4␣ disruption in the intestinal epithelium. The suggestion that Hnf4␣ is a regulator of intestinal epithelial genes prompted us to investigate its function in the in vivo context. A mouse breeding strategy was undertaken to generate an Hnf4␣ intestinal epithelial conditional knockout with the use of previously characterized Hnf4␣ floxed allele mice (20) Because the conditional removal of Hnf4␣ exons 4 and 5 could result in the production of a functional mRNA, a strategy was also deployed to evaluate whether these mice could produce a significant amount of Hnf4␣ mRNA that would be able to be translated in a functional truncated Hnf4␣ protein. qRT-PCR analysis of the recombined Hnf4␣ mRNA with primers designed to specifically amplify a portion of exons 4 and 5 restricted between the two loxP recombination sites confirmed that Cre-dependent recombination was efficient at Ͼ95% at all times during adulthood (Fig. 3A) . The quantification of a nonrecombined portion of the Hnf4␣ gene transcript (exons 1 and 2) indicated a reduction of 80% of produced transcript in mutant mice compared with controls, suggesting either a decrease in stability of the produced truncated transcript or an impairment of Hnf4␣ gene transcription following the Cre recombination event (Fig. 3B) . A Western blot confirmed that production of the Hnf4␣ protein was impaired in the jejunum of mutant mice compared with control mice (Fig. 3C) . Indirect immunofluorescence studies were next undertaken to evaluate the expression status of Hnf4␣ in the intestinal epithelium of mutant mice. At embryonic day 13.5, a period that coincides with the onset of intestinal cytodifferentiation, Hnf4␣ was detected in the nucleus of both mutant and control intestinal epithelial cells (Fig. 3, D-G) . At postnatal day 1, Hnf4␣ was undetectable in mutants compared with controls (Fig. 4, H and  I) , a phenomenon that remained constant even at 1 yr of adult age (data not shown). On very rare occasions, crypt-to-villus regions were partially positive for Hnf4␣, suggesting that Hnf4␣ floxed alleles rarely escaped Cre recombinase activity (data not shown). Overall, these observations confirmed that Hnf4␣ was deleted with high efficiency during postnatal and adult life in VillinCreϩ;Hnf4␣ fl/fl mice.
Hnf4␣ conditional deletion results in modest consequences on cellular proliferation and differentiation as well as overall architecture of the intestinal epithelium.
We first monitored the weight of a cohort of control and Hnf4␣ mutant mice during postnatal development. We found no statistical difference in the weight of control and mutant mice starting 1 wk after birth until 12 wk of postnatal life (Fig. 4A) . Intestinal morphology was next carefully compared among tissue sections prepared from control and mutant mice at different periods of time . Total extracts prepared from NIH-3T3 and MIA PaCa stable cell populations were analyzed by Western blot with the use of an HNF4␣ polyclonal antibody. The blots were stripped and incubated with an actin polyclonal antibody to monitor for protein integrity. B: total RNA was isolated, and RT-PCR was performed with specific oligonucleotides for apolipoprotein A-IV (ApoA-IV) and villin mRNA. The ␤2-microglobulin (␤2mic) mRNA level was monitored to control for equal input of cDNAs in each reaction. C: stable NIH-3T3 cell lines were established with zinc inducible MT-Cdx2 and MT-GATA-4 or MT-empty vectors. These stable cell lines were further infected with retroviral pBabepuro-HNF4␣ (lanes 2 and 4) or empty pBabepuro (lanes 1 and 3) . These cell lines were supplemented (lanes 3 and 4) or not (lanes 1 and 2) with 100 M of ZnSO4. Total extracts were prepared and analyzed by Western blot with the use of HNF4␣, Cdx2, GATA-4, and actin polyclonal antibodies. D: total RNA and protein was isolated from stable NIH-3T3 MT-Cdx2 and MT-GATA-4 cells that were infected with retroviral pBabepuro-HNF4␣ (lanes 5 and 6) or empty pBabepuro (lanes 3 and 4) and supplemented (lanes 4 and 6) or not (lanes 3 and 5) with 100 M of ZnSO4. RT-PCR was performed with specific oligonucleotides for various intestinal epithelial gene transcript targets. Positive control (mouse intestinal cDNA; lane 1) and negative control (no cDNA; lane 2) were included in each RT-PCR. Western blot were done as described in C. Tff3, Trefoil factor 3; Fabp2, fatty acid-binding protein 2; Muc2, mucin 2; Hprt, hypoxanthine-guanine phosphoribosyl transferase. during postnatal development until 1 yr of adult age. A modest but significant 4% decrease of jejunum villi length was observed in Hnf4␣ mutant mice (n ϭ 4 mice, 124 villi) compared with control mice (n ϭ 4 mice, 119 villi) (Fig. 4B) . Consequently, jejunum crypts length was significantly increased by 8.8% in Hnf4␣ mutant mice (n ϭ 4 mice, 123 crypts) compared with control mice (n ϭ 4 mice, 108 crypts) (Fig. 4C) . The thickness of the submucosae was also increased by 9% (P ϭ 0.004) in Hnf4␣ mutant mice (n ϭ 4 mice, 93 regions) compared with control mice (n ϭ 4 mice, 83 regions) (Fig.  4D) . Electron microscopy analyses confirmed the similarities in epithelial cell maturation with the presence of a well-formed terminal web and abundance of microvilli at the cell apical surface in both control and mutant mice (Fig. 4E) . A minor but significant increase of the index of epithelial cell proliferation (1.25 fold, P Ͻ 0.0002; Fig. 4F ) was observed in the jejunum of mutant mice, as determined by BrdU incorporation (Fig.  4G) . However, this weak tendency did not impact on the number of Ki67-positive cells in Hnf4␣ mutant mice (12.22 Ϯ 0.32 cells/crypt, n ϭ 4 mice, 58 crypts) compared with control mice (12.49 Ϯ 0.56 cells/crypt, n ϭ 4 mice, 41 crypts).
The number of Paneth cells was next compared between Hnf4␣ mutant and control mice. Although lysozyme staining of the Paneth cells was consistently reduced in Hnf4␣ mutant crypts, no significant change was observed in the number of this population of cells (Fig. 5A ). The number of chromogranin A positive enteroendocrine cells was significantly increased by 29% in the jejunum of Hnf4␣ mutant mice (n ϭ 4 mice, 207 villi) compared with control mice (n ϭ 4, 184 villi) (Fig. 5B) . Goblet cells were significantly increased by 65% in the crypts of Hnf4␣ mutant mice (n ϭ 4 mice, 134 crypts) compared with control mice (n ϭ 4, 133 crypts) and by 48% in the villi of Hnf4␣ mutant mice (n ϭ 4 mice, 157 villi) compared with control mice (n ϭ 4, 136 villi) (Fig. 5C ).
Because our in vitro observations supported that Hnf4␣ could represent an important regulator of intestinal gene expression, we next looked for modifications in the expression of classical markers for intestinal epithelial cell differentiation in these mice. Surprisingly, qRT-PCR analyses failed to detect any significant reduction of ApoA-IV mRNA levels in the jejunum of mutant mice compared with control mice (Fig. 6A) . The expression of several other intestinal epithelial gene transcripts was further assessed. The specific goblet cell markers Muc2 and Tff3 were not significantly affected at the gene transcript level in adult mutant mice (Fig. 6B) . SI enterocyte specific marker was decreased only by 25% (P Ͻ 0.05) at the gene transcript level in the mutant mice (Fig. 6D) . Lysozyme, a specific marker for Paneth cells, was reduced more than twofold (P Ͻ 0.05) at the mRNA level (Fig. 6B) , consistent with the reduction of lysozyme staining as depicted in Fig. 5A . Fabp1, an important component in lipid metabolism, was reduced more than fivefold (P Ͻ 0.05) at the transcript level in the jejunum of mutant mice, whereas Fabp2 was not significantly modulated in the mutant mice (Fig. 6D) . The expres- sion of microsomal triglyceride transfer protein, a crucial regulator of lipid transport also reported to be regulated by Hnf4␣ at the transcriptional level (41), was not significantly modulated in the mutant mice. Overall, these observations supported that subtle modification in proliferation and differentiation occurred in Hnf4␣-deficient mice but resulted in minor consequences on the overall intestinal epithelial homeostasis in this context.
DISCUSSION
Several indications from the literature have supported a critical role for the HNF4␣ transcriptional regulator during development in different organisms as well as during the progression of human pathologies. Its roles have been mainly uncovered in both liver and pancreatic tissues for which HNF4␣ contributes to the regulation of the liver and pancreatic islet transcriptomes by binding directly to a strong proportion of actively transcribed genes (34) . In accordance with these observations, deregulation of HNF4␣ expression can contribute to type 2 diabetes (19) . Differentiated epithelial cells of the small intestine share several metabolic characteristics with the mature hepatocyte. Fat absorption, transport, and lipid metabolism take place in enterocytes (28, 29, 37) . These cells are crucial contributors to apolipoprotein component synthesis as well as chylomicrons, very low density sized particles, and high-density lipoproteins (28, 47) . A previous analysis emphasized the possible relationship between Hnf4␣ and regulation of intestinal epithelial differentiation with the suggestion that this transcription factor could influence the small intestinal villus metabolome by regulating genes that are involved in lipid metabolism as well as chylomicron formation (48) . This assumption was recently demonstrated with the demonstration that Hnf4␣ can induce intestinal epithelial differentiation in vitro (30) . HNF4␣ was also suggested to regulate the expression of genes that are upregulated during epithelial cell differentiation such as ApoA-IV (40) and intestinal alkaline phosphatase (35) . Based on these findings and the demonstrated crucial role for this transcription factor during hepatocyte differentiation in vivo, we assumed that specific knockout of Hnf4␣ in the small intestinal epithelium would impair the function of differentiated enterocytes. Our findings demonstrated that Hnf4␣ is dispensable for basal intestinal epithelial maintenance in mice. These are in accordance with a recent report from Ahn et al. (1) in which Hnf4␣ intestinal conditional knockout was generated with no noticeable defect in broad intestinal morphology. The Drosophila homolog to mouse Hnf4␣ was reported to be involved in the onset of intestinal development in vivo (54) . Inactivation of Hnf4␣ in the mouse endoderm demonstrated its crucial role during embryonic development of the colon (15) . However, this approach was not efficient in the removal of Hnf4␣ in the developing small intestine. Several explanations could account for the lack of major intestinal deficiencies due to Hnf4␣ knockout during our analysis.
1) The window of time for which intestinal Hnf4␣ was invalidated in our mouse model stands after embryonic day 13.5, a crucial period for the onset of intestinal epithelial monolayer formation, villi establishment, and cytodifferentiation. The Villin-Cre transgene was reported to be efficient at a period following the onset of intestinal cytodifferentiation (31) . Indeed, our results confirmed that Hnf4␣ was still expressed at this crucial developmental transition. Because no other intestinal epithelial-specific Cre-expressing lines are yet available to investigate the loss of Hnf4␣ function before this transition, we speculate that Hnf4␣ invalidation could have developmental implications during the small intestinal epithelium formation in a similar manner to the colonic epithelium. The Foxa3-Cre transgene utilized to demonstrate a role for Hnf4␣ in colon development was able to efficiently invalidate Hnf4␣ at embryonic day 7.0 in the hindgut without targeting the midgut region (15) . However, it is clear from our studies that Hnf4␣ loss no longer interferes with epithelial homeostasis after cell determination has occurred during intestinal development. A similar parallel was documented for this transcription factor during mouse liver development when the use of an early liver- specific Cre-expressing line resulted in the impairment of epithelial structure and lethality of the mutants (36), whereas another liver-specific Cre line led to postnatal survival and delayed morphological alterations (20) . The intestinal epithelial conditional knockout of the c-Myc regulator is another example in which deletion in a specific developmental window of time can result in variable consequences on intestinal homeostasis (6, 33) .
2) The loss of Hnf4␣ activity could be compensated by other nuclear receptor family-related members. Hnf4␥ displays a very high level of amino acid sequence similarity with Hnf4␣1 in the DNA-binding domain (51) and can interact with common DNA elements as reported for the ApoA-IV gene promoter (40) . Hnf4␥ mouse knockout does not result in gross phenotypic changes although some modifications were reported for total body weight and energy expenditure (16) . Interestingly, Hnf4␥ gene transcript was still detectable in Hnf4␣ mutant mice. As a convincing demonstration of this hypothesis, the individual genetic ablation of the family related transcription factors Foxa1-a3 did not significantly impact on liver development (22, 27, 43) . However, double knockout of Foxa1 and Foxa2 confirmed their concerted role for the initiation of hepatic specification (26) . A similar strategy to conditionally delete both intestinal Hnf4␣ and Hnf4␥ could verify this possibility. 3) Other transcriptional regulators that conjointly interact with Hnf4␣ might compensate for its loss. HNF4␣ is part of a regulatory loop that involves HNF1␣ and HNF6 both in hepatocyte and islet transcription (34) . Hnf1␣ physically interacts with GATA-4 and Cdx2 to regulate several intestinal epithelial specific genes (9, 53) . The loss of apparently redundant Hnf4␣ activity within the intestinal epithelial cell transcriptome could be of little transcriptional importance during adult intestinal maintenance mainly because of the compensated action of cointeracting transcriptional partners. We hypothesize that inactivation of Hnf4␣ late following embryonic development occurs after the targeted chromatin regions have been primed by Hnf4␣ thus becoming insensitive to the subsequent loss of its activity.
Hnf4␣ was recently shown to act as a morphogen to trigger microvillus formation in mouse F9 embryonal carcinoma cells (12) . Hnf4␣ is crucial for hepatocyte polarization both in vitro and in vivo (36, 46) . Specific genes encoding cell junction molecules, including occludin, E-cadherin, and several members of the claudin superfamily (4, 11, 36, 46) , depend on Hnf4␣ expression. Hnf4␣ is a potent activator of intestinal epithelial cell polarization and differentiation in culture (30) . Our observations support a crucial role for Hnf4␣ to instruct nonintestinal cells to display features normally restricted to intestinal epithelial cells. These observations, coupled with the fact that Hnf4␣ can induce the expression of intestinal epithelial genes in the NIH-3T3 and Mia PaCa-2 cell lines, strongly support an important role for this factor in instructing cells to epithelialize in culture. However, our results clearly demonstrate that Hnf4␣ is dispensable for intestinal epithelial cell polarization and microvillus formation in vivo at a period of time when this epithelium has already undergone cellular determination. This supports the notion that Hnf4␣ could act as a morphogen early during embryonic development rather than being constantly involved in the maintenance of intestinal epithelial cell polarization during the perpetual renewal process of this tissue.
We conclude that Hnf4␣ is an important component in instructing the intestinal epithelial cell phenotype but is not essential in maintaining intestinal epithelial functions after epithelial monolayer formation and cytodifferentiation have occurred. One of the future challenges will be developing models that can delete Hnf4␣ before this developmental time frame and to explore the possibility of compensation from other transcriptional regulators that are part of the intestinal epithelial specific transcriptional network, a process that is currently under investigation in our laboratory.
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